One of the tools for maintaining environmental sustainability is transformation from fossil-based energy sources to renewable energy sources in energy consumption. Among renewable energy alternatives, wind energy is the most prominent and reliable energy source for fulfilling energy demand. Traditional investment evaluation techniques based on discounted cash flows are not capable of capturing the uncertainty and vagueness in the data related to the wind energy investment parameters. Fuzzy capital budgeting techniques can capture this vagueness and model the imprecise estimations of parameter values. In this paper, we develop interval-valued intuitionistic fuzzy benefit-cost analysis for the evaluation of wind energy technology investments. The fuzzy benefit-cost analyses are based on both present worth and annual worth analyses. The developed analyses can handle the assessments of multiple experts through aggregation operators. In the proposed economic model, the components of each wind energy investment parameter are incorporated into the equations in detail. A real case study is also presented in this paper.
Introduction
Managing environmental resources, especially energy sources, is one of the main determinants of a sustainable development. In order to support sustainability, many researchers focused on energy issues [1] . Renewable energy resources provide clean, affordable, and inexhaustible energy source and decrease emission of greenhouse gases and protect global warming. Among the renewable energy resources, wind energy is a reliable source of energy that enables sustainable development and it accounts for 36% of total generated renewable energy [2] . In 2014, the global cumulative installed wind capacity has reached 369,597 MW. Table 1 shows the global cumulative installed wind capacity (MW) [3] . 
Wind Energy Investments
Total wind energy installed capacity is increasing dramatically with an average more than 10% annual increase. Table 2 illustrates global annual installed wind capacity [3] . In 2014, globally, 51,473 MW of wind capacity has been installed. Although the wind energy installation capacity is increasing, the wind energy usage has not reached its potential due to the relatively high investment costs and low fossil fuel prices. A comprehensive economic analysis may enable appropriate technology selection and can increase the wind energy usage. The wind power potential of a wind turbine is related with its characteristic and its compatibility to the environmental conditions [24, 25] . The environmental conditions involve wind velocity and air density. The swept area, cut-in speed, cut-out speed, rotor diameter and height of the turbine are the technological characteristics [26, 27] . The wind tribunes are active for certain cut-in and cut-off speeds, and they cannot fully utilize all the energy of blowing wind due to rotor blade friction, gearbox losses, the generator and the converter. Different wind turbine technologies provide different wind energy production. When selecting the wind turbines, the available wind turbines, their technological characteristics and the potential wind energy production levels should first be defined. In order to select the best wind turbine, this technical analysis should be combined with an economic analysis.
In the literature, there are several studies that economically analyze wind turbine investments. Mostafaeipour et al. [28] analyzed the wind energy potential for the city of Zahedan and selected the most economic wind turbine technology among four small size wind turbines. The initial investment costs, maintenance and operation costs were used for the selection process. Rahimi et al. [29] applied a techno-economic evaluation to an in household size wind-hydrogen hybrid system. They considered annualized capital, annualized replacement and annualized maintenance costs. Schallenberg-Rodriguez [30] proposed a methodology to calculate the annualized wind generation cost and applied this methodology to the wind energy investments in the Canary Islands. Mohammadi and Mostafaeipour [31] evaluated six different wind turbines in order to reveal the economic feasibility of electricity generation using wind turbines in city of Aligoodarz. Ertürk [5] analyzed the onshore wind energy potential of Turkey and the impact of regulations and incentives on this potential. In this study, the net present values under different scenarios were evaluated.
The wind energy investment costs can be defined as the turbine costs, grid connection, foundation, land rent, electric installation, consultancy, financial costs, road construction, control systems, operational and maintenance expenses [4, 5, 32, 33] . These costs change based on the turbine capacity, land characteristics and the turbine characteristics. In this study, investment costs, turbine costs, foundation costs, connection to the system, rental costs, planning and license costs were considered the main fixed costs, whereas operating and maintenance costs were considered the main variable costs.
Interval Valued Intuitionistic Fuzzy Sets
In the fuzzy set theory, the membership of an element to a fuzzy set is a single value between zero and one. However, the degree of non-membership of an element in a fuzzy set may not be equal to 1 minus the membership degree since there may be some hesitation degree. Therefore, a generalization of fuzzy sets was proposed by Atanassov [34] as intuitionistic fuzzy sets (IFS) that incorporate the degree of hesitation, which is defined as 1 minus the sum of membership and non-membership degrees.
Let D Ď r0, 1s be the set of all closed subintervals of the interval and X be a universe of discourse. An interval-valued intuitionistic fuzzy set r A over X is an object having the form respectively. Interval-valued intuitionistic fuzzy set r A is then denoted by
where 0 ď µr
For each element x, we can compute the unknown degree (hesitancy degree) of an interval-valued intuitionistic fuzzy set of x P X in r A defined as follows: Figure 1 illustrates an interval-valued intuitionistic fuzzy set [35] . 
Using the extension principle, the arithmetic operations for interval-valued intuitionistic fuzzy numbers can be obtained by the general equation given in Equation (6) ( [36] , [37] ):
where the symbol "*" stands for one of the algebraic operations. The arithmetic operations for interval-valued intuitionistic fuzzy numbers are defined as in the following:
Aggregation Operators for IVIFS
Let r α j "´"µj , µj
. . , nq be a collection of interval-valued intuitionistic fuzzy numbers and let IIFWA: Q n Ñ Q , if
then IIFWA is called an interval-valued intuitionistic fuzzy weighted averaging (IIFWA) operator, where Q is the set of all IVIFNs, w " pw 1 , w 2 , . . . , w n q is the weight vector of the IVIFNs r α j pj " 1, 2, . . . , nq, and w j ą 0, ř n j"1 w j " 1. The IIFWA operator can be further transformed in to the following form [38] :
Specifically if w " p1{n, 1{n, . . . , 1{nq, the IIFWA operator reduces to an interval-valued intuitionistic fuzzy averaging (IIFA) operator, where 
In Equation (14) the terms (1-vj ) and (1-vj ) convert non-membership degrees to membership degrees, while the term c´1´vj¯ˆ´1´vj¯d ecreases the defuzzified value.
Fuzzy Benefit-Cost Analysis
In the literature, there are few works on energy using fuzzy B/C analysis. Ciabattoni et al. [39] and Ciabattoni et al. [40] presented a high-resolution model of domestic electricity use. The model is based on a fuzzy logic inference system. The focus of these works is the use of a novel fuzzy model combined with a benefit-cost analysis to evaluate the real economic benefits of load shifting actions.
In this section, we first develop intuitionistic fuzzy present worth analysis and intuitionistic fuzzy annual worth analysis. Then, based on these analyses, we develop IVIF B/C ratio analysis. The flow chart of the proposed IVIF B/C analysis is given in Figure 2 . 
Interval-Valued Intuitionistic Fuzzy Present Worth Analysis
The intuitionistic fuzzy present worth ( Ą PW I qis calculated by Equations (15) and (16): 
where Ă FC I is the intuitionistic fuzzy first cost; Ć U AC I is the intuitionistic fuzzy uniform annual cost; Ć U AB I is the intuitionistic fuzzy uniform annual benefit; Ă SV I is the intuitionistic fuzzy salvage value; r i I is the intuitionistic fuzzy interest rate; and r n I is the intuitionistic fuzzy useful life of the project. In these equations, intuitionistic fuzzy investment parameters will be handled by interval-valued intuitionistic fuzzy sets. The index "Iv,I" indicates that it is an interval-valued intuitionistic fuzzy (IVIF) set. We assume that m IVIF evaluations for each of k values of each investment parameter are made.
Using these interval-valued intuitionistic fuzzy parameters, the interval-valued intuitionistic fuzzy present worth ( Ą PW Iv,I qof an investment alternative can be calculated using the following equations.
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where
Interval-Valued Intuitionistic Fuzzy Annual Worth Analysis
Fuzzy equivalent uniform annual worth is calculated by Equation (19):
or
Interval-valued intuitionistic fuzzy annual worth EUAW , is calculated as in Equation (21):
or , , ̃
Aggregation of interval-valued intuitionistic fuzzy parameters is performed as in Subsection 3.2.
IVI Fuzzy B/C Analysis Based on PW
B/C ratio for a single alternative is calculated by Equation (23):
.
Interval-Valued Intuitionistic Fuzzy Annual Worth Analysis
Interval-valued intuitionistic fuzzy annual worth Č EUAW Iv,I is calculated as in Equation (21): Aggregation of interval-valued intuitionistic fuzzy parameters is performed as in Section 3.2.
IVI Fuzzy B/C Analysis Based on PW
B/C ratio for a single alternative is calculated by Equation (23) 
Incremental PW based B/C analysis can be realized by using Equation (25) or Equation (26), assuming crisp and equal lives for the alternatives:
Incremental PW based B/C analysis can be realized by using Equation (25) or Equation (26), assuming crisp and equal lives for the alternatives: 
Incremental B/C analysis would be harder when assuming intuitionistic fuzzy and unequal lives for the alternatives. For instance, the life of Alternative 1 may be 4 years with a membership of tr0.6, 0.8s , r0.1, 0.2su, while it is 8 years for Alternative 2 with a membership of tr0.5, 0.7s , r0.0, 0.3su. The least common multiple of lives (LCML) of these alternatives must first be calculated and then Equation (6) must be used. Thus, we obtain tLCML p4, 8q " 8, r0.5, 0.7s , r01, 0.3su.
Let r n Iv,I1 " n 1 , " µ1 , µ1
‰( be IVIF lives of Alternatives 1 and 2, respectively. Then, the IVIF analysis period will be
Incremental B/C ratio can be calculated as in Equation (28).
Incremental B/C analysis would be harder when assuming intuitionistic fuzzy and unequal lives for the alternatives. For instance, the life of Alternative 1 may be 4 years with a membership of 0.6, 0.8 , 0.1, 0.2 , while it is 8 years for Alternative 2 with a membership of 0.5, 0.7 , 0.0, 0.3 .
The least common multiple of lives (LCML) of these alternatives must first be calculated and then Equation (6) 
IVI Fuzzy B/C Analysis Based on AW
Based on AW terms, B/C ratio for a single alternative is calculated by Equation (29):
or , , ( 
28)
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IVI Fuzzy B/C Analysis Based on AW
Based on AW terms, B/C ratio for a single alternative is calculated by Equation (29) 
Incremental AW-based B/C analysis can be realized by using Equation (31) or Equation (32), assuming crisp and equal lives for the alternatives: Incremental B/C analysis would be as follows when assuming intuitionistic fuzzy and unequal lives for the alternatives.
‰( be IVIF lives of Alternatives 1 and 2, respectively. Since the IVIF AW analysis will not require a LCML of alternative lives, you can use the own life of each alternative in the calculation as in Equation (33) 
Incremental AW-based B/C analysis can be realized by using Equation (31) or Equation (32), assuming crisp and equal lives for the alternatives:
Incremental B/C analysis would be as follows when assuming intuitionistic fuzzy and unequal lives for the alternatives. Let 
or (33) or
Application
In the Marmara Region of Turkey, for an area convenient to wind energy production, a selection among the possible wind energy technology alternatives will be realized. The following three wind energy technologies were evaluated by hesitant and intuitionistic fuzzy sets: E70 2.3MW, E82 3MW, and V112 3.3MW. Each alternative has a useful life of 20 years.
Crisp Solution
Annual energy production is 111,410,000 kWh for E70 2.3MW wind turbine, 102,300,000 kWh for E82 3MW wind turbine, and 131,600,000 for V112 3.3MW wind turbine. Table 3 presents the initial investment costs of these alternatives in 2015. 
Application
Crisp Solution
Annual energy production is 111,410,000 kWh for E70 2.3MW wind turbine, 102,300,000 kWh for E82 3MW wind turbine, and 131,600,000 for V112 3.3MW wind turbine. Table 3 presents the initial investment costs of these alternatives in 2015. The annual maintenance costs between 0-5; 5-10; 10+ years are different since maintenance cost per kWh is $0.019 for the first 5 years, $0.021 for the second 5 years, and $0.025 thereafter. Table 4 shows the annual operating and maintenance costs of the wind energy technology alternatives. Table 5 shows the net annual incomes of the three wind energy alternatives. The annual incomes change after the first 5 years since the feed-in tariff is $0.081 / kWh for the first 5 years and $0.073 / kWh thereafter. Table 6 gives the net present worth (NPW) results of the wind energy technology alternatives based on a minimum attractive rate of return (MARR) of 7.5%, compounded annually.
Because of the space constraints, only the calculations for E70 2.3MW wind turbine are given below. Table 6 also gives the B/C results of the three alternatives. All the alternatives are economically feasible. The wind energy turbine V112 3.3MW is the preferred alternative since it has the largest NPW value. Table 6 . NPWs and B/C ratios of the wind energy technology alternatives. Table 6 also gives the B/C results of the three alternatives. All the alternatives are economically feasible. The wind energy turbine V112 3.3MW is the preferred alternative since it has the largest NPW value. Table 7 selects the best alternative based on incremental B/C ratio analysis. V112 3.3MW is the best alternative since ∆B{∆ C ratio between V112 and E70 is larger than 1.0. 
Intuitionistic Fuzzy Solution
Although the parameters in Section 5.1 are given by single values, these values can not be known with certainty in reality. For instance, the annual operating and maintenance cost for E70 2.3MW wind turbine between 2016 and 2020 is projected as 3,411,993, even though it can not be forecasted so sharply. Because of the uncertainty of the future, this cost should be defined by an interval. To receive their evaluations under uncertainty and hesitancy, three experts were employed. The experts whose weights are 0.4, 0.4, and 0.2 assigned the intuitionistic fuzzy sets to the investment parameters as follows:
The forecasts for initial investment costs and aggregated IVIFS are presented in Table 8 . Table 9 shows the IVIF annual operating and maintenance costs of the wind energy technology alternatives. Table 10 presents the aggregated IVIF annual operating and maintenance costs. Table 11 shows the IVIF net annual incomes of the three wind energy alternatives and their aggregated IVIF values. The feed-in tariff is still crisp since it is informed by the government when you decide to invest. Table 12 presents the aggregated IVIF MARR values. The IVIF B/C and ∆B{∆ C ratios will be calculated based on the IVIF MARR. We now apply the arithmetic operations given in Section 3.1. The following calculations are realized for E70, E82, and V112, respectively:
For E70: Using the arithmetic operations of IVIFS given by Equation (4)- (10), the B/C ratio is calculated as follows:
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For E70: Using the arithmetic operations of IVIFS given by Equation (4)- (10), the B/C ratio is calculated as follows: In order to clarify the operations, the first term in the numerator and the final result in the above calculation, as an example, is obtained as follows: Using Equation (14), the defuzzified value of IVIFS is calculated as 0.7942. The certainty value of NPW for E70 is calculated as $14,596,331.
For E82, the similar operations are applied, and the following result is finally obtained: Using Equation (14), the defuzzified value of IVIF B/C is calculated as 0.7838. The certainty
In order to clarify the operations, the first term in the numerator and the final result in the above calculation, as an example, is obtained as follows: Using Equation (14), the defuzzified value of IVIF B/C ratio is calculated as 0.7181. The certainty value of NPW for V112 is calculated as $18,770,079. Table 13 summarizes the B/C ratios and NPWs of the alternatives. Based on NPW analysis, V112 should be selected, since the largest NPW belongs to it. However, B/C analysis requires an incremental analysis when the B/C ratios of alternatives are larger than 1.0.
In our case, all the B/C ratios are larger than 1.0. Hence, an incremental analysis should be made. For the incremental investment E70-E82, the following calculation is realized. Using Equation (14), the defuzzified value of IVIF B/C ratio is calculated as 0.7181. The certainty value of NPW for V112 is calculated as $18,770,079. Table 13 summarizes the B/C ratios and NPWs of the alternatives. Based on NPW analysis, V112 should be selected, since the largest NPW belongs to it. However, B/C analysis requires an incremental analysis when the B/C ratios of alternatives are larger than 1.0.
In our case, all the B/C ratios are larger than 1.0. Hence, an incremental analysis should be made.
For the incremental investment E70-E82, the following calculation is realized. Using Equation (14) , the defuzzified value of IVIFS is calculated as 0.7790. The certainty value of ∆ NPW for the increment of "E70 -E82" is calculated as 6,108,717 5,359,616 0.7790 $583,550. Thus, E70 is the selected alternative.
For the incremental investment V112-E70, the similar operations are applied and finally the following result is obtained: Using Equation (14) , the defuzzified value of IVIFS is calculated as 0.7790. The certainty value of ∆NPW for the increment of "E70 -E82" is calculated as p6, 108, 717´5, 359, 616qˆ0.7790 "$583,550. Thus, E70 is the selected alternative.
For the incremental investment V112-E70, the similar operations are applied and finally the following result is obtained:
" x15, 291, 737; pr0.6762, 0.8976s , r0, 0.0744sqy x7, 531, 867; pr0.8717, 0, 9806s , r0, 0.0132sqy " x2.030; pr0.6762, 0.8976s , r0, 0.0744sqy
Using Equation (14), the defuzzified value of IVIFS is calculated as 0.7861. The certainty value of ∆NPW for the increment of "V112 -E70" is calculated as $6,100,034. Finally, V112 is the selected alternative.
Both the classical B/C analysis and IVIF B/C analysis yielded the same ranking in this real case study. However, since the IVIF B/C analysis involves parameters defined in a more informative and more flexible way, the results from both approaches can be clearly different.
Conclusions and Future Research Directions
Environmental sustainability can be provided by making responsible decisions to reduce the negative impacts of these decisions on the environment. It involves both reducing the amount of waste produced or using less energy and developing processes for becoming completely sustainable in the future. Sustainable energy technologies involve renewable energy sources, such as hydroelectricity, solar energy, wind energy, wave power, geothermal energy, bioenergy, and also technologies designed to improve energy efficiency. Wind energy investments as a sustainability project should certainly be based on an economic analysis before making the final decision since more savings support new sustainability projects. Although wind energy investments have been increasing in the last decade, they have not reached their potential due to the falls in fossil fuel prices, uncertainties in the production levels and relatively high initial investment costs of wind energy investments. A comprehensive and flexible representation of investment parameters will clearly increase the sensitivity of the analysis, and more realistic results can be obtained. In this paper, our objective is to provide this kind of economic analysis for wind energy investments that provides environmental sustainability.
We realized the economic analysis of the wind energy technologies based on B/C ratio analysis under fuzziness. Interval-valued intuitionistic fuzzy sets have been used for the B/C ratio comparison among wind energy technologies. IVIF incremental B/C ratio analysis has been developed. We also developed IVIF B/C ratio analysis for the alternatives having different lives. The numerical application showed that the IVIF B/C ratio analysis requires complex calculations with respect to the classical B/C ratio analysis. However, the decision makers can better express their forecasts related to the cash flows of wind energy projects under uncertainty by using fuzzy sets. Intuitionistic fuzzy sets enable decision makers to express their judgments with more details, including their hesitancy. The developed method lets more than one possible value of investment parameters and multiple decision makers be considered in the analysis. Additionally, the membership and non-membership degrees of these parameters can be defined by the decision makers based on their experiences and expectations. Thus, a flexible and more informative approach is provided.
For further research, the cash flow forecasts can be comparatively made by developing hesitant fuzzy B/C ratio analysis or type-2 fuzzy B/C ratio analysis. The same wind energy technologies can be compared by these new B/C ratio analyses.
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